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I.  INTRODUCTION 


Polyvinylidene  Flouride  (PVDF)  is  a  remarkable  polymer  with  piezoelectric  properties 
which  may  be  used  in  the  fabrication  of  ultrasonic  acoustical  transducers.  The  material  is 
currently  being  manufactured  in  the  United  States  on  a  pilot  plant  scale  by  the  Pennwalt 
Corporation.  It  is  currently  available  in  10  cm  x  20  cm  x  approximately  27  micrometer  thick 
sheets  for  experimental  purposes. 

PVDF  films  are  currently  manufactured  by  the  electrical  polarization  of  stretched 
sheets  of  the  material  [  1  ].  A  typical  method  of  manufacture  consists  of  uniaxial  stretching 
PVDF  sheets  from  two  to  seven  times  their  original  length  at  a  temperature  of  80  degrees  C  [2], 
The  films  are  then  placed  between  copper  plate  electrodes  and  preheated  to  a  specific 
temperature  of  around  1 10  degrees  C.  The  copper  plate  electrodes  are  then  connected  to  a  high 
voltage  power  supply  and  the  films  are  polarized  (poled)  in  an  electric  field  of  500  to  1000 
k  V/cm.  After  about  30  minutes  poling  time  the  films  are  cooled  for  at  least  15  more  minutes. 
Before  or  after  poling,  metallic  electrodes  are  vapor  deposited  onto  the  surface  of  the  PVDF 
film  as  contact  electrodes.  The  exact  method  used  by  the  Pennwalt  Corporation  in  the 
manufacture  of  piezoelectric  PVDF  films  cannot  be  disclosed  for  proprietary  reasons. 

Although  this  report  will  not  seek  to  explain  the  piezoelectric  phenomena  in  PVDF  in 
any  detail,  a  brief  description  of  the  effect  will  be  given.  Apparently  the  mechanical  stretching 
of  the  PVDF  sheet  stock  results  in  a  stress-induced  orientation  of  polyvinylidene  fluoride 
dipoles  [3].  The  poling  process  at  elevated  temperatures  preferentially  aligns  these  dipoles 
normal  to  the  film  surface  resulting  in  a  piezoelectric  material.  Another  possible  mechanism  is 
that  the  polarization  is  induced  by  a  combination  of  inhomogeneous  strain  due  to  stretching 
and  the  space  charge  distribution  in  the  film.  Whichever  theory  is  correct,  the  end  result  is  a 
material  having  excellent  piezoelectric  properties  in  relation  to  cost  and  method  of 
manufacture. 

At  the  present  time  ultrasonic  transducers  operating  from  I  to  10  MHz  are  needed 
which  have  the  following  features: 

%  low  costs  in  fabrication  and  operation, 

•  high  acoustical  energy  output, 
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When  a  mechanical  stress  is  applied  to  an  area  of  piezoelectric  material  a  polarization 
per  unit  area  Pi  (or  dipole  moment  per  unit  volume)  is  generated  [7], 

where: 


i  =  1,2,3  and  j  =  1,2, 3, 4, 5, 6 
Pi  =  polarization  per  unit  area 
dij  =  piezoelectric  moduli  (matrix  representation) 
a,  =  applied  stress  (matrix  representation) 


Equation  (1)  refers  to  the  direct  piezoelectric  effect. 

The  converse  piezoelectric  effect  occurs  when  an  electric  field  is  applied  to  a 
piezoelectric  material  and  it  becomes  strained  by  an  amount  directly  proportional  to  the 
electric  field  strength.  For  this  case: 


=  matrix  representation  of  strain 
Ej  s  electric  field  strength. 

As  illustrated  in  Equations  (1)  and  (2)  the  piezoelectric  moduli  are  measures  of  the 
conversion  efficiency  from  an  electrical  signal  to  a  mechanical  strain  in  the  material  and  vice 
versa.  Table  l  compares  the  d  piezoelectric  constants  of  various  piezoelectric  materials  i%a 
case  of  transverse  effect  [5]. 


Figure  2  shows  a  cross  sectional  view  of  a  PVDF  circular  membrane  deflected  under  a 
differential  pressure  (P)  to  form  a  focused  transducer  as  shown  in  Figure  1.  If  the  ultrasound  is 
emitted  normal  to  the  surface  of  the  membrane,  the  focal  point  of  the  transducer  will  be 
located  at 


r  = 


where, 


+  w 
2w 


2 


r  =  membrane  transducer  focal  radius 
a  =  membrane  radius 
w  =  membrane  deflection. 


0) 


II 


'  4> 


Equation  3  assumes  a  spherical  shaped  membrane  deflection. 


[8], 


For  the  membrane  under  uniform  pressure  load  P  the  Hencky  deflection  equation  is 


w 


.662  a 


3 


where: 

w  3  membrane  deflection  under  differential  pressure  load 
a  3  membrane  radius 
1 3  membrane  thickness 
P  3  differential  membrane  pressure 
E  3  membrane  modulus  of  elasticity 


(4) 


These  equations  assume  the  absence  of  a  radial  tensile  force  under  no  differential 
pressure  load.  Equations  3  and  4  were  used  to  predict  the  focal  length  of  .25  inch,  .50  inch  and 
.75  inch  diameter  PVDF  transducers  under  a  differential  membrane  pressure  of  0  to  120  cm 
H20.  The  modulus  of  elasticity  used  in  the  computations  was  8.438  x  106  cm  H20.  Figure  3 
illustrates  the  results. 

If  the  transducer  is  operated  as  a  diverging  acoustic  radiator,  the  angle  of  divergence  0 
will  be  given  as 


0  =  Arcsin 


2wa 


a2  ♦  w2 


(5) 


Equations  3  and  5  assume  normal  transmission  from  the  surface  of  the  membrane  into  the 
external  acoustical  medium  which  is  not  exactly  true.  For  instance  a  plane  circular  surface 
radiator  of  ultrasound  will  have  a  beam  divergence  given  as  [9], 

y  *  68.8  X/D  (6) 

where 


y  3  angle  of  divergence  in  degrees 
X  s  ultrasonic  wave  length 
D  3  diameter  of  circular  radiator. 

Equation  6  assumes  small  X/D  ratios. 


Another  important  parameter  is  the  length  of  the  near  field  [9].  For  circular  flat 
radiators  of  ultrasound 


N 


(7) 


where, 

D  =  diameter  of  ultrasonic  radiator 
X  =  wavelength  of  ultrasonic  wave 
N  =  nearfield  length 

Figure  4  illustrates  the  variation  of  N  with  frequency  for  a  1 500  m/ sec  wave  velocity  in  water 
and  a  .5  inch  diameter  transducer.  For  uniform  test  results  all  calibration  tests  should  be 
performed  at  ranges  greater  than  N. 

A  PVDF  device  was  constructed  for  testing  in  the  laboratory.  Figures  5  through  9 
iillustrate  the  device.  The  PVDF  membrane  is  placed  between  the  two  electrode  holders  shown 
in  Figure 5  and  6.  Figure  6  illustrates  the  acoustical  cavity  electrode  which  was  .25  inch  thick. 
Two  plexiglas  end  supports  were  used  to  hold  the  electrodes  against  the  PVDF  as  shown  in 
Figures  7  through  9. 

The  membrane  material  selected  for  testing  was  KYNAR®  PVDF  piezoelectric  film 
obtained  from  the  Pennwalt  Corporation.  The  film  measured  10  cm  x  10.8  cm  in  area  x  27  pm 
thick.  Nickel-chrome  electrodes  were  deposited  on  both  sides  of  the  film.  The  film  for  the 
transducer  was  cut  1.2  inches  square  and  placed  in  the  transducer.  To  prevent  electrical 
leakage  RTV  silicone  rubber  cement  was  used  to  seal  the  electrodes  as  shown  in  Figure  9. 

III.  EXPERIMENTAL  CONFIGURATION 

The  experimental  configuration  used  to  test  the  PVDF  transducer  is  shown  in  Figures 
10  and  11.  Figure  10  illustrates  the  electrical  system  for  testing  the  differential  pressure 
membrane  transducer.  The  components  and  their  functions  are: 

•  Tektronix  Type  191  Constant  Amplitude  Signal  Generator  -  Used  to  generate  the 
RF  transmit  signal. 

•  ENI  350L  Power  Amplifier  -  A  50  dB  power  amplifier  used  to  amplify  the  RF 
transmit  signal. 
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•  Triplet  RF  Ammeter  -  A  resistor  thermocouple  type  of  unit,  used  to  measure  the 
current  drawn  by  the  transmitter  transducer. 

•  Tektronix  Type  485  Oscilloscope  -  Monitors  the  RF  transmitter  signal  voltage  and 
RF  receiver  signal  voltage. 

•  Hewlett-Packard  840 5 A  Vector  Voltmeter  -  Measures  the  RF  RMS  signal  voltage 
of  the  receiver  transducer. 

•  Moseley  Autograf  X  Y-Recorder-Used  to  plot  the  receiver  RMS  signal  voltage  as 
a  function  of  pressure. 

•  Bell  and  Howell  Type  4-356-0144  Pressure  Transducer -Used  to  monitor  the  PVDF 
differential  membrane  pressure. 

•  PMC  Regulated  Power  Supply  -  Supplies  electrical  power  to  the  Bell  and  Howell 
pressure  transducer. 

Figure  // illustrates  the  PVDF  transducer  gas  supply  system.  In  the  gas  system  air  from 
a  supply  tank  is  valved  to  a  Matheson  pressure  regulator.  A  main  air  control  valve  is  used  to 
control  the  air  pressure  to  the  PVDF  transducer  in  conjunction  with  a  micrometer  air-bleed 
valve.  A  Mercury  manometer  and  Bell  and  Howell  pressure  transducer  are  used  to  monitor  the 
PVDF  gas  pressure.  Figure  12  illustrates  the  normalized  output  of  the  Bell  and  Howell 
transducer  versus  the  gas  pressure  as  measured  by  the  manometer.  Easily  seen,  the  output  is 
linear  with  input  pressure  and  may  be  used  to  drive  the  XY-plotter. 

Experiments  were  performed  using  the  PVDF  membrane  transducer  in  water.  Two 
tanks  were  used  in  the  experiments.  A  large  1 .52  m  x  3.0S  m  x  1 .22  m  deep  tank  was  used  for 
transmission  tests  and  a  small  .762  m  x  .303  m  x  .305  m  deep  tank  was  used  for  cross  sectional 
scans  of  the  PVDF  beam  intensity.  In  order  to  test  the  PVDF  transducer,  an  Aerotech  .50  inch 
diameter  Gamma  2.25  MHz  resonance  frequency  transducer  was  used.  Figure  13  shows  the 
PVDF  and  Aerotech  reference  transducers  mounted  on  a  plexiglas  base  which  was  submerged 
in  the  acoustical  tanks  for  experimental  purposes. 

In  all  of  the  tests  approximately  6 1 2  cm  of  Type  RG-59  B/  U  cable  was  used  between  the 
Aerotech  reference  transducer  and  electrical  readout  equipment.  607  cm  of  Type  RG-59  B/U 
cable  was  used  for  the  main  RF  transmission  line  to  and  from  the  PVDF  transducer. 
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IV.  EXPERIMENTAL  TESTS  AND  RESULTS 


A  series  of  tests  were  conducted  to  study  the  performance  of  the  PVDF  differential 
membrane  pressure  transducer.  Each  test  is  assigned  a  code  letter  followed  by  a  frequency 
parameter.  As  an  example  A2.2S  refers  to  test  A  performed  at  2.2S  MHz.  An  explanation  of 
each  test  series  and  the  results  are  given  below. 

A.  Test  Series  A 

In  this  series  of  tests  the  PVDF  transducer  served  as  the  transmitter  and  the  Aerotech 
transducer  was  the  receiver.  The  membrane  differential  pressure  was  varied  from  -100.76  cm 
H20  (focused  radiator  condition)  to  +188.85  cm  H20  (diverging  acoustical  radiator 
condition).  The  transmission  length  in  water  was  27.43  cm  and  the  PVDF  voltage  was  15.0 
volts  peak-to-peak.  Figures  14  through  20  show  the  results  of  transmitting  from  1 .00  MHz  to 
3.50  MHz.  A  definite  perturbation  is  seen  at  about  0.0  cm  H20  differential  pressure.  This 
perturbation  becomes  rather  pronounced  as  the  PVDF  signal  amplitude  was  increased.  The 
graphs  are  all  rather  flat  which  makes  the  transducer  an  ideal  variable  focus  unit. 

The  unusual  behavior  at  0.0  cm  H20  differential  pressure  is  a  result  of  the  dji  and  d32 
modes  of  vibration  having  no  component  of  deformation  in  the  z  direction  of  the  transducer. 
It  was  found  that,  if  water  was  allowed  to  fill  the  acoustical  cavity,  the  acoustical  energy 
transmitted  at  this  condition  was  negligible.  This  is  the  result  of  energy  being  lost  from  the 
back  side  of  the  membrane  into  the  acoustical  cavity. 

B.  Test  Series  B 

This  series  of  tests  was  the  same  as  the  Test  A  series  except  that  the  PVDF  transducer 
acted  as  a  receiver  while  the  Aerotech  transducer  served  as  a  transmitter.  Again  perturbations 
are  found  in  Figures  21  through  27  at  0.0  cm  H2O  differential  membrane  pressure.  The 
relatively  flat  response  of  the  PVDF  transducer  at  each  of  the  tested  operating  pressures 
indicates  that  it  is  a  good  receiver  even  though  the  signal  voltage  output  is  low. 

C.  Test  Series  C 

In  this  series  of  tests  the  PVDF  transducerapparent  power  was  measured  asa  function 
of  the  PVDF  applied  peak-to-peak  voltage.  The  apparent  power  is  obtained  from 

P  =  V  I  (g\ 

app  rms  rms  W 
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where. 


P»M>  a  Apparent  power  consumed  by  the  PVDF  transducer 
V„„,  *  Root  mean  square  voltage  applied  to  PVDF  transducer 
l,„„  *  Root  mean  square  current  How  through  the  PVDF  transducer  when 
is  applied. 

The  pressure  lor  the  test  was  -100.76  cm  HjO  and  Figures  28  through  34  show  the  apparent 
power  consumption  at  various  frequencies  as  a  function  of  applied  signal  voltage. 


Another  important  parameter  measured  in  this  test  series  was  the  gain  in  transmitting 
from  the  PVDF  transducer  to  the  Aerotech  transducer  as  a  function  of  the  PVDF  apparent 
power  consumption.  The  gain  in  transmitting  from  the  PVDF  to  the  Aerotech  transducer  is 
given  as 


3 


20  Log10 


V 

arms 

V 

prats 


(9) 


where, 

jS^dB  gain  in  transmitting  from  PVDF  to  the  Aerotech  transducer 
V„«  *  RMS  voltage  output  of  the  Aerotech  transducer 
VprlIB,  s  RMS  voltage  input  to  the  PVDF  transducer. 


Figure  35  illustrates  /3  as  a  function  of  P,pp  for  various  frequencies  at  -100.76  cm  H2O 
membrane  differential  pressure  and  a  transmission  length  spacing  between  transducers  in 
water  of  27.43  cm.  The  flat  response  at  most  of  th’  measured  frequencies  is  ideal.  At  2.25  MHz 
the  gain  was  greatest  since  this  is  the  natural  frequency  of  the  Aerotech  transducer. 

D.  Test  Series  D 


This  series  of  tests  was  the  same  as  test  series  C  except  that  the  differential  membrane 
pressure  was  +188.85  cm  H2O.  This  condition  made  the  PVDF  transducer  a  diverging 
radiator  instead  of  a  focused  transducer  as  in  the  C  series  of  tests.  Results  are  similar  and  are 
shown  in  Figures  36  through  43. 

E.  Test  Series  E 

In  this  test  series  the  PVDF  and  Aerotech  transducers  were  separated  by  27.43  cm  of 
water.  First  a  specified  voltage  was  applied  to  the  PVDF  transducer  and  the  output  of  the 
Aerotech  transducer  was  recorded.  Next,  the  same  voltage  was  applied  to  the  Aerotech 
transducer  and  the  output  of  the  PVDF  transducer  was  recorded.  The  test  was  performed  at 
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•100.76  cm  H2O  differential  membrane  pressure.  Three  important  parameters  resulted  from 
this  series  of  tests. 


The  PVDF  transmission  coefficient  is  a  measure  of  how  well  the  PVDF  transducer 
converts  an  electrical  signal  to  ultrasound  and  how  well  the  Aerotech  transducer  converts  the 
ultrasound  to  an  electrical  signal.  This  coefficient  is  defined  as. 


V 

ARMS 

V 

PVFD 


1000 


(10) 


where. 

T|  as  PVDF  transmission  coefficient 

V i-vui  =  Peak-to-peak  voltage  applied  to  the  PVDF  transducer  (peak-to-peak  volts) 
Varms  *  RMS  voltage  output  of  the  Aerotech  transducer.  (RMS-MV) 


The  reference  transmission  coefficient  is  a  measure  of  how  well  the  Aerotech  reference 
transducer  converts  an  electrical  signal  to  ultrasound  and  how  well  the  PVDF  transducer 
converts  the  ultrasound  to  an  electrical  signal.  The  coefficient  is  defined  as. 


VPRMS  I 

v*  i 


X  1000 


(11) 


where, 

Tr  =  Reference  transmission  coefficient. 

Va  =  Peak-to-peak  voltage  applied  to  the  Aerotech  reference  transducer,  (peak-to- 
peak  volts) 

Vrrms  =  RMS  voltage  output  of  the  PVDF  transducer.  (RMS-MV) 


Finally,  the  reverse  transmission  coefficient  is  a  measure  of  performance  of  the  PVDF 
transducer  as  a  receiver  as  compared  to  its  performance  as  a  transmitter. 


(12) 


Tables  2  through  8  tabulate  the  Tf,  Tr  and  Ti  coefficients  as  functions  of  the  transmitter 
voltage  whether  it  be  the  reference  or  PVDF  transducers.  The  measured  values  of  Tr,  Tr  and 
Ti  were  averaged  over  the  range  of  data  in  each  table  and  plotted  as  a  function  of  frequency  in 
Figures  44 .  45  and  46. 
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F.  Test  Series  F 


This  test  series  was  the  same  as  Test  Scries  E  except  that  the  differential  membrane 
pressure  was  +  188.85  cm  HT).  for  this  case  the  membrane  transducer  was  a  diverging 
radiator  of  ultrasound.  Data  is  tabulated  in  Tables  9  through  15  and  the  results  are  plotted  in 
Figures  47  through  49  versus  frequency. 

G.  Test  Series  G  and  H 

In  this  series  of  tests  the  Aerotech  transducer  was  placed  27.43  cm  from  the  PVDF 
membrane  transducer.  It  was  then  scanned  along  an  axis  perpendicular  to  the  primary  z  axis 
of  the  PVDF  transducer.  The  normalized  response  of  the  Aerotech  transducer  is  plotted  as  a 
function  of  distance  along  the  scan  axis.  The  membrane  z  axis  is  located  approximately  at  3 1 .0 
cm.  The  G  series  of  tests  were  conducted  at  +279.75  cm  H2O  differential  membrane  pressure. 
The  H  series  of  tests  were  conducted  at  -8.509  cm  FLO  differential  membrane  pressure.  The 
non-uniformity  in  many  of  the  figures  is  attributed  to  poor  clamped-edge  boundary 
conditions  on  the  membrane  and  possible  membrane  non-uniformity  in  structure  and 
performance.  The  slight  non-uniform  differential  pressure  across  the  surface  of  the  membrane 
due  to  the  water  pressure  being  greater  at  the  bottom  of  the  membrane  than  at  the  top  may 
have  made  some  contribution  here. 

H.  Test  Series  I  and  i 

This  series  of  tests  involved  scanning  the  Aerotech  transducer  along  the  z  axis  of  the 
PVDF  membrane  transducer.  The  output  of  the  Aerotech  transducer  was  recorded  as  a 
function  of  position  along  the  z  axis.  Figures  64  through  77  indicate  the  normalized  response 
of  the  Aerotech  transducer  versus  distance  from  the  PVDF  transmitter  transducer.  The  far  left 
position  of  each  figure  corresponds  to  the  minimum  spacing  between  transducers.  Table  16 
gives  the  pertinent  data  for  each  figure.  The  1  series  of  tests  were  conducted  at  -15.62  cm  H2O 
differential  membrane  pressure  and  the  J  series  were  conducted  at  291.59  cm  H2O  differential 
pressure.  In  many  of  the  figures  the  maxima  and  minima  signal  lobes  are  seen  which  form  the 
near  field.  The  dashed  line  at  the  bottom  of  each  figure  represents  the  zero  base. 

V.  CONCLUSIONS 

A  series  of  ten  tests  were  performed  to  determine  how  well  the  PVDF  differential 
membrane  pressure  transducer  functions.  Tests  indicate  that  the  acoustical  power  output  of 
the  PVDF  transducer  is  significantly  lower  than  conventional  transducers.  Improved  features 
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of  the  PVDI-  over  conventional  transducers  include  low  cost  and  variable  focal  length 
capabilities.  This  might  make  it  an  ideal  transducer  for  fabricating  into  large  arrays. 

There  are  several  problems  which  need  to  be  addressed  in  the  future.  Indications  from 
the  axial  and  cross  sectional  scans  are  that  the  method  of  clamping  the  PVDF  membrane  to 
the  electrodes  needs  to  be  improved.  A  simplified  gas  pressure  control  system  is  needed  for  the 
transducer.  Studies  need  to  be  made  of  the  dynamic  behavior  of  the  membrane  and  the  ratio  of 
power  consumption  to  acoustical  power  output  of  the  device  needs  to  be  decreased. 
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Figure  1.  Cross  sectional  view  of  PVDF  ultrasonic  transducer  design  concept. 
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Figure 


a.,  a 


MEMBRANE  DEFLECTED 
UNDER  PRESSURE  (P) 
WHOSE  RADIUS  OF 
FOCUS  IS  r  (PVDF) 


r  ^MEMBRANE  FOCAL  RADIUS 
a  m  MEMBRANE  RADIUS 
w  =  MEMBRANE  DEFLECTION 


2.  Circular  membrane  of  radius  (a)  deflected  under  a  differential 
pressure  (P). 
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8.0 


DIFFERENTIAL  MEMBRANE  PRESSURE  (CM-H20) 

Figure  3.  Transducer  focal  length  versus  differential  membrane  pressure 


transducer  ground  electrode. 


transducer  signal  electrode. 


transducer  ground  electrode  holder. 


.188  DIA.  4  PLCS.  _  .200  DIA 


Fiaure  8.  PVDF  transducer  signal  electrode  holder  and  pressure  port 


a.  FRONT  VIEW. 


b.  SIDE  VIEW. 


Figure  9.  Assembled  PVDF  transducer. 
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Mechanical  block  schematic  of  PVDF  transducer  gas  supply 
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Figure  12.  Nocmellwd  B«H  end  Howell  transducer  output  versus  PVDF  gas  pressure. 
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Figure  13.  Acoustical  PVDF  and  reference  transducers  mounted  for  transmission 
tests. 
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PVDF  APPARENT  POWER  (VOLT-AMPERES) 


PVDF  APPARENT  POWER  (VOLT-AMPERES) 


Figure  31.  Test  C2.25 
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PVDF  APPARENT  POWER  (VOLT-AMPERES) 


12.0 


11.0 


10.0H 


FREQUENCY  2.50  MHz 
PRESSURE  -100.76  cm  H20 
TRANSDUCER  SEPARATION  =  27.43  cm 


10.0  20.0  30.0 
PVDF  APPLIED  VOLTAGE  (VOLTS  -  PEAK-TO-PEAK) 


Figure  32.  Test  C2.50 
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APPARENT  POWER  (VOLT-AMPERES) 


-100.76  cm  H20  PRESSURE 
27.43  cm  TRANSDUCER  SEPARATION 


PVDF  APPARENT  POWER  (VOLT-AMPERES) 


Figure  36.  Test  D1.00. 
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PVDF  APPARENT  POWER  (VOLT-AMPERES) 


■ 


PVDF  APPLIED  VOLTAGE  (VOLTS  -  PEAK-TO-PEAK) 
Figure  37.  Test  D1.50. 
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Figure  39.  Test  02.25. 
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PVDF  APPARENT  POWER 


100  20.0  30.0  40.0 

PVOF  APPLIED  VOLTAGE  (VOLTS  -  PEAK-TO-PEAK) 


Figure  40.  Test  02.50. 
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PVDF  APPARENT  POWER  (VOLT-AMPERES) 


<SP)  NIVO  HaonaSNVVX  30N3H333U  01  30Ad 

Figure  43.  PVDF  to  reference  transducer  gain  versus 
PVDF  apparent  power. 
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PVDF  APPARENT  POWER  (VOLT-AMPERES) 


TRANSMIT  FREQUENCY  (MHz) 

Figure  44.  ]p  versus  frequency  for  -100.76  cm  H2O 
differential  membrane  pressure. 


Figure  45.  TR  versus  frequency  for  -100.76  cm  H2O 
differential  membrane  pressure. 
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TRANSMIT  FREQUENCY  (MHz) 


SPECULATED  RESPONSE  CURVE 
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TRANSMIT  FREQUENCY  (MHz) 

Figure  49.  7  j  versus  frequency  for  +188.85  cm  H2O 
differential  membrane  pressure. 
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Figure  53.  Scan  test  G2.25. 


Figure  54.  Scan  test  G2.50. 


Figure  55.  Scan  test  G3.00 
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Figure  57.  Scan  test  HI. 00. 


Figure  58.  Scan  teat  HI. 50. 
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Figure  59.  Scan  test  H2.00. 
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Figure  60.  Scan  test  H2.25. 


Figure  61.  Scan  test  H2.50. 


Figure  62. 
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Figure  66.  Scan  test  12. 


Figure  67.  Scan  test  12.25. 


Figure  68.  Scan  test  12.50. 


Figure  69.  Scan  test  13.00. 


Figure  70.  Scan  test  13.50. 


Figure  71.  Scan  test  J1.00. 


Figure  72.  Scan  test  J1.50. 


Figure  73.  Scan  test  J2.00. 


Figure  76.  Scan  test  J3.00. 


Figure  77.  Scan  test  J3.50. 
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Symbol 


Definition 


a 

D 

d« 

E 

E, 

Irms 

N 

P 

Papp 

P, 

r 

t 

VA 

Varms 

VprMS 

VpvDK 

Vrms 

w 

P 

«J 

0 

X 

7 

Tf 

Tr 

Tt 


Membrane  radius. 

Diameter  of  circular  radiator. 

Piezoelectric  modulii 
Membrane  modulus  of  elasticity. 

Electric  field  strength. 

RMS  current  flow  through  PVDF  transducer. 

Near  field  length. 

Differential  membrane  pressure. 

Apparent  power  consumed  by  PVDF  transducer. 
Polarization  per  unit  area. 

Membrane  transducer  focal  radius. 

Membrane  thickness. 

Peak-to-peak  voltage  applied  to  reference  transducer. 
RMS  voltage  output  of  reference  transducer. 

RMS  voltage  input  to  or  output  from  PVDF  transducer. 
Peak-to-peak  voltage  applied  to  the  PVDF  transducer. 
RMS  voltage  applied  to  the  PVDF  transducer. 

Membrane  deflection. 

Transmission  gain  in  transmitting  ultrasound  from  PVDF 
to  reference  transducer. 

Matrix  representation  of  strain. 

Acoustical  radiator  divergence  angle. 

Ultrasonic  wavelength. 

Angle  of  acoustical  radiator  divergence. 

Matrix  representation  of  applied  stress. 

PVDF  transducer  transmission  coefficient. 

Reference  transmission  coefficient. 

Reverse  transmission  coefficient. 
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